The narrow standard age range of menopause, ;50 yr, belies the complex balance of forces that govern the underlying formation and progressive loss of ovarian follicles (the ''ovarian reserve'' whose size determines the age of menopause). We show here the first quantitative graph of follicle numbers, distinguished from oocyte counts, across the reproductive lifespan, and review the current state of information about genetic and epidemiological risk factors in relation to possible preservation of reproductive capacity. In addition to structural X-chromosome changes, several genes involved in the process of follicle formation and/or maintenance are implicated in Mendelian inherited primary ovarian insufficiency (POI), with menopause before age 40. Furthermore, variants in a largely distinct cohort of reported genes-notably involved in pathways relevant to atresia, including DNA repair and cell death-have shown smaller but additive effects on the variation in timing of menopause in the normal range, early menopause (age ,45), and POI. Epidemiological factors show effect sizes comparable to those of genetic factors, with smoking accounting for about 5% of the risk of early menopause, equivalent to the summed effect of the top 17 genetic variants. The identified genetic and epidemiological factors underline the importance of early detection of reproductive problems to enhance possible interventions.
INTRODUCTION
Menopause is the most sharply timed event during female aging, at 50 6 several years in all societies that have been studied [1] . The underlying process is thus rigorously controlled. Nevertheless, the age of menopause can vary because of a variety of factors. With the growing trend of women delaying reproduction, more complete understanding of ovarian reserve would help inform individual women about options.
Importantly, ;10% of women have their last menses before age 45 , and about 1% reach menopause before 40-primary ovarian insufficiency (POI) [2] . POI can result from a wide range of factors, but all converge on a single axis: the dynamics of the ovarian follicle pool. Each nongrowing primordial follicle (NGF) in the reserve comprises an oocyte arrested in the diplotene stage of meiotic prophase I surrounded by a layer of somatic pregranulosa cells. The reserve forms early in life, and NGFs can remain quiescent for decades; but as the pool progressively depletes, the numbers drop below a minimum and menopause ensues. As we review, any factor-genetic or epidemiological-that changes the number of follicles formed (histogenesis), their potency (response to hormones, etc.), or their maintenance/recruitment/turnover can modify the age of menopause. We review the process and sources of variability of follicle pool formation and subsequent decrease of the reserve. The results also provide information for fertility counseling, including risk of POI.
ESTABLISHMENT AND OVERALL DYNAMICS OF THE OVARIAN RESERVE

Formation and Depletion of the Reserve
Ovarian organogenesis can be divided into three phases [3] [4] [5] . First, gonadal morphogenesis involves massive invasion of the genital ridge by mesonephric-derived cells that associate with the primordial germ cells. The originally flat genital ridge is transformed into the voluminous primitive gonad [6] . Second, primary sex differentiation then forms a primitive ovary. The solid cell mass of the primitive gonad is cleaved into ''ovigerous cords'' of germinal and somatic cells, which finally extend from the wolffian duct to the ovarian surface.
In a final phase, definitive ovarian histogenesis takes place. The ovigerous cords compartmentalize into clusters of germinal and somatic cells from which the ovarian follicles develop [7] . The process begins about Week 19-20 postconception and continues through the first postnatal months [8] .
The ovigerous cords comprise about 60% of the cortex of the early human fetal ovary [9] ; this proportion diminishes to 14% at birth as follicles form while most germ cells are lost [10, 11] , and the ovigerous cords are gone by 8 mo [9] . Full depletion of the ovigerous cords or naked oocyte clusters marks the end of definitive ovary formation.
Follicle-stimulating hormone (FSH) stimulation initiates follicular recruitment, growth, selection, and dominance of one follicle. Development of follicles requires continued gonadotropin stimulation. FSH must exceed a threshold to promote the final phase of follicular growth, influencing development through receptors on cumulus and granulosa cells [12] . Although theca cell steroidogenesis is mainly regulated by luteinizing hormone (LH), production of androgens, mainly androstenedione and testosterone, is under control of steroidogenic active regulatory protein (StAR). Androgens exert a paracrine effect both through androgen receptors and indirectly by aromatization to estrogens [13] , promoting growth of granulosa cells, progesterone production, and conversion to 17b-estradiol. The androgens regulate. Estrogen promotes granulosa cell growth and increases the number of FSH and LH receptors. FSH in turn regulates estrogen production by p450 aromatase, and LH synergizes with FSH to promote follicular growth and ovulation to maintain a normal rate of growing follicles [14] . Later stages of follicle development are regulated by activins and estradiol, further increasing the number of FSH receptors. The dominant follicle (with higher aromatase activity) controls the growth of remaining growing follicles by suppressing FSH (see below), and itself escapes FSH control by increasing LH receptor numbers [13] .
Transforming growth factor beta (TGFB) family activins and inhibins are additional important autocrine/paracrine regulators of gonadotropin synthesis at later stages of follicle development [15] . An unrelated TGFB member, follistatin, augments activin modulation of follicle growth and function, and counterbalancing inhibins A and B negatively regulate follicle growth by inhibiting FSH synthesis in the pituitary [16] . Anti-Müllerian hormone (AMH), another TGFB superfamily member produced by granulosa cells in growing follicles, inhibits growth of primordial follicles, helping to maintain the follicle reserve. It is an independent biomarker of ovarian reserve [17, 18] .
From the start of follicle recruitment, a percentage of follicles commence development. The percentage of growing follicles is not constant; it represents 0.4%-1.2% initially, but increases sharply towards the end of reproductive life [19] [20] [21] [22] [23] .
But much more massive loss of germ cells occurs by apoptosis during embryonic formation of the reserve [24] and during follicle recruitment before puberty [25] . At puberty, FSH is also a survival signal that protects growing follicles from atresia. The dominant follicle then produces high levels of estrogens and inhibins [26] that inhibit FSH release from the pituitary, leading to atresia of the remaining follicles while the dominant one ovulates [27] .
Atresia occurs both at the transition from primordial to primary follicles [28] and at late stages of follicle maturation [29] . In preantral follicles, the oocyte deteriorates after apoptosis in surrounding granulosa cells [30] .
Apoptosis has been described as the predominant pathway of germ cell and follicle atresia, but recent studies also implicate autophagy [31, 32] .
Given the continual loss of net oocyte and follicle content at every stage during reproductive life, the overwhelming importance of atresia in affecting the reserve is unsurprising. There are at least three effective ''checkpoints'' determining the survival of follicles. The first is during follicle formation, with the loss of about nine oocytes for every one preserved by incorporation in a follicle. The second is during the transition of follicles from primordial to ovulating state, with determinative steps governing the status of primordial follicles and the fate decision to mature one to a few follicles. The third is during the maintenance of the pool throughout the reproductive lifespan. The general thrust of genetic endowment and developmental processes produces the overall curve of ovarian reserve and the strongly regulated timing of menopause reflected in Figure 1 , but various genetic and epidemiological factors can change the timing moderately or in some cases drastically, and in an additive way.
Normal Rates of Synthesis and Depletion of the Ovarian Reserve
For over 50 yr, notably starting with the work of Zuckerman [33] it has been accepted that in most mammalian species ovaries lose the capacity for germ cell renewal and follicle formation at the end of organogenesis. Thus, a finite pool of NGFs sustains a female's entire reproductive lifespan [3] . This notion, however, has been recently challenged. Johnson et al. [34] proposed that proliferative germ cells exist in adult ovaries, which could sustain postnatal follicle production, and rare germ-line stem-like cells have now been reported in postnatal mouse and human ovaries by several groups [35] [36] [37] . Nevertheless, skepticism remains in the scientific community about the capacity of these cells to contribute to follicular renewal in adults [38] [39] [40] [41] . In any case, new follicles cannot counterbalance the ovulation and atresia leading to menopause.
Physical and humoral factors have been proposed to assess ovarian reserve, but are not directly related to primordial follicle number. Invasive methods such as biopsy also do not yield reliable estimates of ovarian reserve [42] , because follicles are unevenly distributed [43, 44] . The most reliable assessment of ovarian reserve is ovarian removal followed by histomorphometry-based follicle counts in entire ovaries [45] . Two studies have thereby estimated the ovarian reserve formed before birth [19, 46] ; four others have focused on ages after birth [20, [47] [48] [49] .
Including more data than previous models [21, [49] [50] [51] [52] , Wallace and Kelsey [53] proposed a mathematical model to describe the establishment and decline of human ovarian reserve from conception to menopause. However, for analyses of data before birth, like all previous treatments, the model included free germ cells-far more numerous in early fetal life-along with measures of follicles. Consequently, the curve before birth describes overall dynamics of germ cell content rather than ovarian reserve [53] . By contrast, Figure 1 shows PELOSI ET AL.
Lowess curves that include only follicle data up to birth and then up to age 52. Thus, the number of follicles before birth never exceeds later numbers.
The ovarian reserve-the NGFs per individual-was ;100 000 at 15 wk postconception and increased to an average of about 680 000 perinatally. At 66 wk and 2 yr old, the numbers remained comparable (e.g., 625 000 in [49] ).
Available data show limited decrement in follicle numbers from 2 yr to puberty. The decrease is the same order as recruitment-reported between 1% [44] and 3% [47] . Postnatal follicle assembly can be efficient at least until 66 wk. Stem cells that generate NGFs are still present in about 0.3% of the ovarian cortex [9] . Recently, new follicle formation at least during the first 1-2 yr of life has been indirectly confirmed by morphology and markers of premeiotic germ cells [39] . Thereafter, however, new follicle formation ceases or at least fails to make up for loss. From available analyses, an average of 463 000 of follicles remain around puberty (age 12-14) [49] . Thereafter, the reserve declines by follicle recruitment and atresia to ,1000 NGFs, insufficient to support ovulation [20, [49] [50] .
The pool of oocytes begins at a far greater level and drops precipitously before birth. Mamsen et al. [54] estimated an average of 4 933 000 per ovary at 19 wk postconception (.2-fold the number assessed by Baker [55] with less precise techniques). Thus, ; 85% of oocytes in the ovary are destroyed without contributing to the follicle reserve. It remains unclear whether oocytes survive randomly or pass a selective checkpoint [6] or whether the lost oocytes serve a ''nourishing'' function, as in Drosophila [56] .
GENETIC FACTORS ASSOCIATED WITH VARIATION IN FOLLICLE DEPLETION AND AGE OF MENOPAUSE
Factors in POI
Of the extreme cases of follicle depletion (POI), about 40% result from cancer and chemotherapy [57] . Among POI cases associated with genetic mutations, the cause is unknown in up to 90% [58] , but increasing progress has been made in identifying genetic factors [59] .
X-Chromosome Number/Structure Changes X-autosomal translocations and chromosomal changes. Up to 1 in 200 live births have been estimated to carry a balanced translocation [60] . Among them, reciprocal autosomal or Robertsonian translocations can cause Mendelian disorders, but rarely if ever causes POI. By contrast, a substantial number of X-autosomal translocations result in POI. Breakpoints in Xautosomal cases of POI generally fall outside of genes [61] and far from any gene expressed in the ovary [62] . X-autosome chromosomes might instead have aberrant dynamic behavior [61] . This is also consistent with the selective increased risk of POI in women with deletions on the X (especially in Xq26-qter [63] ), and with the suggestion that the notable decline in oocyte quality in the decade before menopause may result from increases in meiotic disjunction [64] .
Turner syndrome. One in 2000-5000 newborn girls [65] have part or all of one X chromosome missing, leading to the syndrome in which short stature and other phenotypes are accompanied by streak gonads, with loss of most to all oocytes by early adulthood. In addition to cases with one X chromosome (i.e., 45,X), over half of Turner patients have one of 16 chromosomal variants of X chromosome structure [66] . Consequently, the syndrome is rarely inherited. The effect on ovary function might again result from problems in chromosome dynamics, or from X gene dosage problems.
Fragile X syndrome premutation. POI (''POF1'' in OMIM 311360) has been consistently associated with women who have the ''premutation'' state of the Xq27.1 FMR1 gene (i.e., between 55 and 200 tandem copies of the CGG trinucleotide repeat in the gene). In two studies [67, 68] , 3% of sporadic and 10%-13% of familial POI patients carried FRAXA premutations; in a more extensive follow-up, Murray et al. [69] found the permutation in 0.7% of 2000 women with early menopause and in 2% of women with POI (an odds ratio for POI of 5.4 compared with 0.4% in controls).
FMR1 has a primary effect in the brain [70] , but is also implicated in the DNA damage response [71] , and could thereby have a determinative effect on chromosome dynamics and oocyte stability. A similar POI phenotype is seen in FRAXE, associated with CGG triplet expansion in FMR2, in Xq28 [72] . In that study, additional microdeletions in FMR2 were found in 1.5% of POI individuals but only 0.04% of a general sample.
Other single-gene mutations. Mutations in a variety of genes-both X-linked and autosomal-have been associated with sporadic cases of POI ( Table 1 ). As indicated, frequencies are variable, and there is as yet no study in which mutations are systematically assessed for all the genes identified thus far.
Genetic Variants Associated with Regulation of Timing in Normal and Early Menopause: GWAS
In several studies, ;50% of interindividual variability in menopausal age was inferred to be attributable to genetic variation [80, 81] , and twin studies give estimates as high as 63% [82, 83] . As with other quantitative traits, a large number of DNA variants, each with relatively small effect size, are likely to underlie the high heritability of the age of menopause. Two large studies take pride of place, strongly implicating SNPs at 17 top loci. Most can be assigned to likely causative variants within a single gene or a few nearby genes.
The study of 17 438 women identified candidate genes MCM8, UIMC1/HK3, SYCP2L, and BRSK1 [84] . Three are plausibly expressed in the ovary-SYCP2L, involved in meiosis; UIMC1, also expressed in the pituitary-adrenal axis and acting as a transcriptional repressor; and MCM8, involved in DNA repair. BRSK1 seems a more remote candidate, affecting vesicle transport in neurons, and was later considered less likely than IL11 in a meta-analysis of 14 435 women from 22 genome-wide association studies [1] .
Along with the 4 loci seen in the first study, Stolk et al.
[1] inferred 13 additional loci with effects on the timing of menopause, with candidate genes known to be involved in DNA repair (EXO1, HELQ, UIMC1, FAM175A, FANCI, TLK1, POLG, and PRIM1) and immune function (IL11, NLRP11, and PRRC2A). Gene set enrichment analyses implicated mitochondrial dysfunction, exoDNAse, and nuclear factor-jB (NF-jB) signaling. Low levels of mitochondrial function, which, like DNA repair, are associated with POLG activity, could speculatively cue cell turnover and increase follicle atresia and autophagy during the long interval of reserve storage, and NF-jB is deeply involved in cell death pathways as well as in the function of the immune system.
Interestingly, GWAS data provide a few hints of immune involvement in the timing of menopause [1] . Top signals included a coding variant in PRRC2A (encoding HLA-B transcript 2) and a coding variant in NLRP11 (encoding one of the NLRP protein components of inflammasomes, involved in FACTORS INVOLVED IN TIME OF MENOPAUSE AND POI the activation of inflammatory caspases). Another variant falls near IL11 (encoding a cytokine that stimulates B-cell development; suggestively, ablation of the cytokine receptor leads to infertility in female mice) [85] .
As in other GWAS studies, the DNA variants revealed explained only part (up to 4.1%) of the variance of age of menopause in the populations studied. Nevertheless, their importance is increased by confirmatory GWAS findings in other ethnic groups (reviewed by [86] ). Furthermore, other sources of variation, like the FRAXA expansion and FRAXE microdeletions, were not assessed, and analyses taking into account insertion/deletions and rare alleles and looking at larger cohorts will certainly explicate more of the genetic contribution to the timing of reproductive lifespan.
GWAS Variants Compared to POI Reports and ''Candidate Genes''
Stolk et al. [1] also assessed possible associations in a group of 125 genes (their Supplementary Table 6 ), including all genes that had been suggested as candidates on the basis of ovary expression, mouse models, etc.-substantially overlapping the list assembled by Wood and Rajkovic [86] , who also summarize substantial effects of many of the candidate genes in mice. Instead, the GWAS hits were startlingly different from the candidate gene list. Apart from four genes already found in the GWAS, only one gene, DMC1, reached nominal significance. DMC1 is a plausible candidate, because it functions in meiotic recombination and is expressed under the control of NOBOX (also associated with sporadic POI; Table 1 ).
POLG was the only gene initially found in which strongly deleterious mutations cause POI and other variants have less strong effects on the timing of menopause. Even genes mutated in Mendelian disorders that cause POI as a major feature, like FOXL2 lesions in blepharophimosis/ptosis/ epicanthus inversus syndrome [87] , have no reported variants associated with modest changes in the timing of menopause. However, in a larger study, Perry et al. [88] now find that many variants associated with timing of typical menopause are also associated with early menopause (before age 45) and possibly with POI. Thus, POI reflects the risk both from the variants assessed by GWAS and from severe changes in often distinct genes involved in maintenance of stable reproduction.
EPIDEMIOLOGICAL FACTORS AFFECTING AGE OF MENOPAUSE
Introduction
Most epidemiologic research on factors associated with age of menopause and early menopause has relied on self-reported age at cessation of periods collected retrospectively or concurrently in cross-sectional or prospective longitudinal studies. In addition to the shortcomings of retrospective selfreport, another limitation concerns the wide variation across cohorts in rates of natural menopause, initiation of hormone therapy prior to natural menopause, and surgically determined menopause. Depending on the population, the proportion of women experiencing natural menopause can be less than 50% [89, 90] . For example, in the British birth cohort study of 1583 women, by age 57 yr, 695 (44%) had experienced natural menopause, 431 (27%) had started hormone therapy prior to natural menopause, 347 (22%) had undergone hysterectomy, and 110 (7%) had incomplete data or were using oral contraceptives [91] . Because the socio-demographic, socialenvironmental, and behavioral attributes of women experiencing these alternate pathways to menopause differ, studies of age of natural menopause are often restricted to nonrepresentative samples [89] . Additionally, not all studies are well designed and few can clearly distinguish cause and effect (e.g., parity). Discerning the direction of association is particularly challenging because even though menopause is typically considered as a single event analytically, it is more appropriately described as a process that can extend well over a decade. Lastly, studies of relatively rare exposures or conditions (e.g., specific autoimmune diseases, cancers and their treatments) are often underpowered. Nevertheless, population-based and case-control epidemiologic studies provide the basis for much of our knowledge of threats to reproductive health.
Biological measures of ovarian reserve such as follicularstimulating hormone, antral follicle count (AFC), and AMH have been utilized with increasing frequency in epidemiologic studies of reproductive health, with AMH showing great promise as it is more stable across the menstrual cycle and not labor intensive [92] . Results differ using different kits [93] , however, and AMH is elevated in polycystic ovary syndrome, which often accompanies autoimmune conditions [94] .
Below we briefly summarize the epidemiologic research on age of menopause incorporating findings on biologic measures of ovarian reserve where applicable. PELOSI ET AL.
Effects of Specific Epidemiological Factors
Lifestyle. Cigarette smoking is the most established and consistently observed risk factor for younger age at menopause, with estimates of impact on the order of about 1 yr [95] [96] [97] with a clear dose-response association [89, 98, 99] . Supporting these findings, recent work found current smokers had lower AMH levels than nonsmokers [100] and AMH was lower and declined more steeply in smokers beginning 13 yr before the final menstrual period [101] . In the largest population-based study of AMH, involving 2320 premenopausal women, current but not past smoking was associated with a lower age-specific AMH percentile, although pack-years among current and past smokers exhibited a dose-response relationship [102] .
Findings regarding other lifestyle factors such as alcohol consumption and physical activity have been less uniform [90, 95, 96, 103, 104] . Nonetheless, large or combined cohort studies typically find women with higher and lower socioeconomic status to have respectively an older and younger average age of menopause [89, 98, 103, 105, 106] . Other resourcerelated factors such as oral contraceptive use and parity and weight-related issues are discussed below. In the study examining AMH levels in over 2300 premenopausal women, only smoking exposure, oral contraceptive use, and parityand not alcohol consumption, physical exercise, socioeconomic status, or body composition measured as body mass index (BMI) or waist circumference-were associated with agespecific AMH percentile [102] .
Prenatal nutrition, birth weight, and early-life exposures. Because the primordial follicle pool reaches its maximum during gestation, birth weight and other neonatal circumstances have been examined for their association with menopause status. In the British cohort study, women with low (,2.5 kg) or high birth weight (.4.0 kg) or high birth weight standardized for gestational age had higher odds (1.8-1.9) of being postmenopausal by age 44-45 yr than women of average birth weight [107] . In the same cohort, neither breastfeeding status nor weight at age 2 were found to be important [91] . Exposure to famine during gestation, but not birth weight, was associated with an earlier age of menopause in the Dutch famine study of 376 women [108] . In over 22 000 primarily white well-educated women, in utero exposure to diethylstilbestrol was associated with earlier menopause, and low birth weight (,2.5 kg) had a suggestive association [109] .
Adult weight. Findings examining relative weight or body mass index have been inconsistent because of suboptimal study design, with widely differing study populations with respect to ethnicity, culture, and analytic approach. Thus, some studies find no association between body mass and age of menopause [89, 105] , whereas others find higher body mass associated with later menopause or alternatively lower relative weight associated with earlier menopause [98] . In contrast, a large European study found BMI greater than 30 kg/m 2 associated with earlier menopause [90] . One of the few studies with a lifecourse perspective found underweight (BMI ,20 kg/m 2 ) at age 36 modestly associated with a younger age of menopause compared to all other BMI groups combined [91] . The larger and more consistent association, however, is between underweight and greater use of hormone therapy prior to menopause, which was investigated separately from natural menopause. Lastly, to add to the inconsistent findings, one study examining AMH levels in late reproductive age found obese women had lower levels [110] and another found no association [101] .
Parity and oral contraceptive use. Consistent with the notion that reduced ovulation might effectively extend reproductive life, parity is often found positively associated with later age of menopause [90, 105] , but arguably early menopause could drive lower parity. For example, using crosssectional data, the Study of Women's Health Across the Nation found parity associated with an older age at menopause [89] , but the longitudinal analysis did not support this observation [98] . Nevertheless, oral contraceptive use and later menopause has been consistently observed [89, 95, 98, 105, 111] , and the association between longer cycle length and later menopause also supports a relationship between lifetime ovulatory cycles and age of menopause [95] .
Epidemiology of Autoimmune Association. Ovarian autoimmunity has recently been suggested as having a specific role in the etiology of POI [112, 113] . From 10% up to 30% of POI cases have an autoimmune condition [114] [115] [116] , and some DNA variants in immune system genes affect the age of menopause, though only about 5% of POI cases are considered to have autoimmune oophoritis [116, 117] . The strongest associations are with aggressive autoimmune conditions such as Addison disease (OMIM 240200), myasthenia gravis (OMIM 254200), and autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy, caused by mutations in the AIRE gene [116, 118] . In one other instance, in a case-control study, lower AMH was found in women with Takayasu arteritis independent of treatment with gonadotoxic drugs, though FSH did not differ [93] . Also, women with Turner syndrome and women with karyotypically normal POI demonstrate greater prevalence of Hashimoto thyroiditis, 37% and 15%, respectively, than the general U.S. female population (6%) [119] . With respect to age of menopause excluding POI, no convincing data support a primary association between systemic autoimmune disorders such as lupus and rheumatoid arthritis and earlier age of menopause. Thus, autoimmune antibodies often observed in POI [120] [121] [122] [123] [124] [125] [126] as well as in those with incipient menopause around age 50 [127] suggest an interactive phenomenon resulting from aging-related inflammation, immunosenescence, and hormonal changes. Additional studies are needed to ascertain the impact of autoimmunity on the onset of POI, and most importantly to assess if autoantibodies accompany rather than cause POI. In addition, some immune genetic variation contributes to the normal range of age of menopause [1] .
Type 2 diabetes and insulin resistance. Type 2 diabetes (T2DM) has been rarely evaluated as a risk factor for POI or early menopause, in part because T2DM rarely emerges before age 40, but a large cross-sectional multinational study in Latin American Hispanic women aged 40-58 found those with T2DM had a nearly 3-fold increased likelihood of having menopause before age 45 relative to nondiabetic women [128] . Consistent with this observation, a study tracking AMH over 13 yr found an increasingly higher HOMA-IR (homeostatic model assessment-insulin resistance, a model for measuring insulin resistance and b-cell function) associated with closer time to the final menstrual period [101] .
Cancer and cancer treatment. Chemotherapy has been consistently shown to negatively impact reproductive health; a recent review of studies using AMH among other measures of ovarian reserve pretreatment and posttreatment confirms the treatment effects, but also highlights hematological cancers (e.g., lymphoma) as having a direct effect on ovarian reserve [129] . Additionally, although a drastic reduction in AMH is consistently observed immediately after treatment initiation whether or not alkylating agents are used, the pattern of ovarian recovery differs with treatment regimen [129] . Most studies find women treated with alkylating agents continue to have low or undetectable AMH levels through follow-up, whereas women treated with nonalkylating agents recover pretreatment FACTORS INVOLVED IN TIME OF MENOPAUSE AND POI levels within 6 mo. This general impression is echoed in a study of ovarian reserve in young women treated for cancer in childhood, which found sustained low levels of AMH in those treated with high gonadotoxic agents, whereas those treated with less gonadotoxic agents had only slightly lower levels than controls [130] . Another case-control study of cancer survivors substantiates the observation that exposure to alkylating agents and pelvic radiation are associated with reduced ovarian reserve, as evidenced by higher FSH and lower AMH and AFC [131] in cases versus controls.
Other chemical exposures. The most-well-studied chemical exposures largely concern treatment of autoimmune conditions-such as lupus with cyclophosphamide, which has been found to affect risk of POI and age of menopause. Cyclophosphamide has been associated with follicular death and ovarian failure due to the mechanism of action of its metabolite, phosphoramide mustard, which causes apoptosis by crosslinking DNA. Age at treatment initiation and treatment duration as well as genetic and environmental factors appear to modify the association [132] . In a case-control study of ovarian reserve, women with childhood-onset lupus (n ¼ 57) had lower AMH and AFC than controls (n ¼ 21), but the difference may be driven by the effect of cyclophosphamide on ovarian reserve in treated cases [133] . In 19 cases treated exclusively with methotrexate, a DNA-synthesis inhibitor and receptor antagonist, cumulative dose was negatively associated with AMH [133] .
The literature is less well developed for other agents, and most work has been done in experimental animal-based studies. The few human observational studies have identified two potential toxic agents: 2-bromopropane and cadmium [134] . Human research on the reproductive effects of bisphenol A indicates a possible increased risk of polycystic ovary syndrome and poorer oocyte quality and ovarian function [135] , but evidence of impact on age of menopause or risk of POI remains inconclusive [136] .
CLINICAL PRESENTATION, EVALUATION, AND TREATMENT OF POI
Balen [137] provides a magisterial discussion of POI in the context of infertility. Here we focus on the standing of genetic and epidemiological factors in current practice.
Although there are no definite diagnostic criteria for POI, operational criteria exclude chemotherapy, pelvic radiotherapy, and oophorectomy [138] , and include menstrual irregularities for at least 4 mo (amenorrhea, oligomenorrhea, polymenorrhea, metrorrhagia); climacteric symptoms; and elevated FSH in the menopausal range at least twice 1 mo apart below age 40. Infertility is a first indication, but POI can develop either gradually or suddenly.
POI can be sporadic or familial, primary or secondary, syndromic or nonsyndromic, and follicular or afollicular [139] . Cases with clear causation help in genetic counseling and in identifying other family members who may be at risk [140] .
Particular attention must be paid to adolescents with menstrual irregularities, when early diagnosis of POI can help prevent adverse health consequences and, importantly, preserve fertility. The usual presentation is primary amenorrhea, and karyotype, 21-hydroxylase antibodies, FMR1 premutation status [140] , and associated phenotypes like fragile Xassociated tremor/ataxia syndrome are assessed [141] [142] [143] [144] . For secondary amenorrhea, pregnancy test, biological autoimmune profile (anti-thyroid, anti-adrenal, and anti-parathyroid antibodies), TSH, FSH, LH, prolactin, and ovarian ultrasound are added to the clinical examination [57] .
Nelson [145] has pointed out that for sporadic POI, referral to genetic research groups can now provide screening for mutations in candidate genes or even genomic DNA sequencing where familial data suggest a genetic cause.
Genetic counseling is mandatory, especially for fragile Xassociated ovarian insufficiency, so that affected women will know about transmission of either the normal or the premutation allele and the likelihood of expansion of the premutation allele and its consequences. Additional management is personalized. In particular, young women with POI will have estrogen deficiency longer than women with natural menopause, significantly increasing osteoporosis and risk for cardiovascular disease [146] . Calcium and vitamin supplements and bone-density surveillance are standard [147] .
It is important to inform patients that there is a 5%-10% chance of spontaneous recovery of ovarian function, increasing the likelihood of women choosing oral contraceptive use. Each patient also requires support to cope with anger, depression, and emotional stress; but the overriding effect of POI remains infertility. Currently, therapeutic alternatives for those with some residual reserve (or patients preparing for chemotherapy or radiotherapy) include ovary overstimulation with gonadotropins and in vitro fertilization, oocyte cryopreservation, and ovarian tissue or embryo cryopreservation. The options to preserve fertility for women at intrinsic risk of POI are dependent on the remaining follicle reserve, and can therefore be optimized by early diagnosis. Currently, POI is usually diagnosed after the fact-too late for many interventions; but women with a positive family history can be followed more closely, and several biochemical markers may provide a route to much earlier identification of early menopause in the general population as well. Markers that could be part of standard checkups include AMH, the hormone that changes earliest in the progression to normal menopause or POI.
CONCLUSIONS
The genetic and epidemiological factors affecting timing of menopause are increasingly known, and the extent to which they can account for the risk of early menopause and POI can now be more systematically evaluated in individuals and populations. Genetics points to possible eventual intervention in DNA repair and atresia-related processes that determine the conservation of follicles. Notably, the same genetic factors and remediable epidemiological factors, like smoking, likely also affect the progressive decline of oocyte quality up to 10 yr or more before menstruation ceases [148] . Such considerations reinforce the importance of early diagnosis, perhaps using measures like AMH levels, to promote optimization of reproductive life.
